Both phenotypic and genetic evidence for asymmetric hybridization between rhesus (Macaca mulatta) and cynomolgus (Macaca fascicularis) macaques has been observed in the region of Indochina where both species are sympatric. The large-scale sharing of MHC class II alleles between the two species in this region supports the hypothesis that genes, and especially genes involved in immune response, are being transferred across the species boundary. This differential introgression has important implications for the incorporation of cynomolgus macaques of unknown geographic origin in biomedical research protocols. Our study found that for 2808 SNP markers, the MAF and observed heterozygosity calculated from a sample of Vietnamese cynomolgus macaques was significantly different from those calculated from samples of both Chinese rhesus and Indonesian cynomolgus macaques. SNP alleles from Chinese rhesus macaques were overrepresented in a sample of Vietnamese cynomolgus macaques relative to their Indonesian conspecifics and located in genes functionally related to the primary immune system. These results suggest that Indochinese cynomolgus macaques represent a genetically and immunologically distinct entity from Indonesian cynomolgus macaques.
Introduction
Four species comprise the fascicularis group of macaques: the cynomolgus macaque, M. fascicularis; the rhesus macaque, M. mulatta; the Formosan macaque, M. cyclopis and the Japanese macaque, M. fuscata. The most recent common ancestor of this group of macaque species is thought to have originated on the islands of Indonesia approximately 900 kya before spreading throughout East, South and Southeast Asia [Abegg and Thierry 2002; Delson 1980] . Both rhesus and cynomolgus macaques are believed to have diverged from a common ancestor in Indochina after that ancestor reached the mainland. The completion of the rhesus macaque genome sequence in 2007 [Gibbs and Consortium 2007] led to an explosion of marker discovery, the development of bioinformatics tools for genetic investigation of non-human primates and the evaluation of human disease models. While the rhesus macaque is the most common primate model for human disease research and provides the primary animal model for HIV research [Haigwood 2009 ], cynomolgus macaques are used to study infectious diseases, such as tuberculosis and malaria, transplantation methods [Doxiadis et al. 2006 ] and environmental and reproductive toxicology. However, the increasing popularity of the cynomolgus macaque in biomedical research is confronted with a lack of genetic and genomic data.
Rhesus macaques incorporated in biomedical research protocols in the United States are typically either bred domestically from the descendants of animals imported from India prior to an exportation embargo in April, 1978 [Hendrickx and Hendrickson 1988; Kerber and Herbert 1979] or imported directly from breeding facilities in China [VandeBerg 1995; Williams-Blangero 1993] , where animals from different regions of China are housed together [Satkoski et al. 2008a] . Although cynomolgus macaques do not occur naturally in China, 59% of them imported into the US during FY2009 were bred at facilities in that country and are essentially of unknown or undocumented geographic origin. In contrast, 19% of the cynomolgus macaques imported to the US during that year originated on the island of Mauritius and 13% were imported directly from either Vietnam or Indonesia [Creager et al. 2011] . Increasing numbers of cynomolgus macaques are being exported from Cambodia both to China and the US, but many cynomolgus macaques exported to the US from Chinese breeding farms are of mixed ancestry because cynomolgus macaques from different origins are not bred separately at these farms.
The ranges of rhesus and cynomolgus macaques overlap in an area of approximately 2000 km stretching from southeastern Bangladesh to central Vietnam [Fooden 1964] . Interbreeding between the two species has been postulated based on behavioral, physiological and genetic evidence [Fooden 2006; Hamada et al. 2006; Malaivijitnond et al. 2008; Tosi et al. 2002] . The inter-species transfer of genes is hypothesize to be primarily unidirectional from rhesus macaques to cynomolgus macaques [Bonhomme et al. 2009] , with a genome-wide comparison suggesting that approximately 30% of the cynomolgus macaque genome is of rhesus macaque origin, exclusive of genes identical by descent [Yan et al. 2011] . Recent genetic investigation of the major histocompatibility complex (MHC) of cynomolgus macaques suggests that hybridization has led to large-scale introgression of genes from rhesus macaques to Indochinese cynomolgus macaques both within and beyond the known hybrid zone. Sano [2006] identified four MCH class II DBP1 alleles in both rhesus and cynomolgus macaques, but in all but one case, limited to cynomolgus macaques of Indochinese (Vietnamese) origin. described a similar pattern among DPB1, DOB and DQB1 alleles -seven alleles were identical between the two species, and were limited to, or of higher frequency in, Vietnamese cynomolgus macaques, compared to cynomolgus macaque samples from other regions. Of the 122 MHC class II alleles discovered in 24 cynomolgus macaques by Creager et al. [2011] , 12 alleles, all in animals of Vietnamese origin, were identical to alleles previously identified in rhesus macaques. Given the role that MHC gene products play in immune response to pathogens, the combination of cynomolgus macaque and rhesus macaque alleles in the MHC of Indochinese animals has a potential to produce an immunologic profile that is distinct from both progenitor populations.
While the biomedical use of animals separated by biogeographic barriers may increase the proportion of phenotypic differences (presumably due to genetic differentiation) among them [Smith et al. 2006] , hybridization between rhesus and cynomolgus macaques in the zone of sympatry has the potential to produce a genetically distinct population, not through differentiation but through admixture and recombination. Thus, the combination of Indochinese cynomolgus macaques with animals from other regions may also increase the phenotypic variance of traits that are the focus of research protocols, obscure positive results through spurious association and require a larger number of research subjects to resolve phenotypic differences that are due to experimental treatment effects.
In this study, we compare genome-wide SNP genotypes from Vietnamese cynomolgus macaques with those of Chinese-origin rhesus macaques and cynomolgus macaques collected from Indonesia. Assuming that Chinese-origin rhesus macaques and Indonesian cynomolgus macaques are appropriate proxies for their respective ancestors and are, therefore, representative of the ancestral parental sources of Indochinese cynomolgus macaques, we employ bioinformatics methods to identify regions of the rhesus macaque genome that are significantly overrepresented into the genome of Indochinese cynomolgus macaques when compared to a null model of admixture. We postulate that while not necessarily a phylogenetically distinct group, Indochinese cynomolgus macaques are genetically distinct from other cynomolgus macaque populations and that this fact should be considered when using cynomolgus macaques of Indochinese or unknown origin in biomedical research.
Methods
The research described herein was approved by the Institutional Animal Care and Use Committee of the University of California-Davis (#16549) and adheres to the American Society of Primatologists (ASP) Principles for the Ethical Treatment of Non-Human Primates and all legal requirements for vertebrate animal research in the United States. We extracted DNA from 100 rhesus macaques obtained from a breeding farm in Suzhou, eastern China and 14 cynomolgus macaques of Indonesian origin that are housed at the California National Primate Research Center (CNPRC). DNA was also extracted from 19 Vietnamese and seven southern Sumatran cynomolgus macaques obtained from Primate Products, Inc. (Immokalee, FL). DNA was extracted from all samples using a guanadinium thiocynanate protocol without a phenol/chloroform step (Froenicke & Sullivan, pers. comm.) , with the exception of those from Sumatra that were stored in PaxGene Blood DNA Tubes (Qiagen, Inc., Valencia, CA) and extracted using the manufacturer's recommended protocol. After extraction, all DNA samples were normalized to a concentration of 60 ng/μl. All samples (100 Chinese rhesus macaques, 19 cynomolgus macaques, and 21 Indonesian cynomolgus macaques) were submitted to the DNA Technologies Core at the University of California-Davis Genome Center for SNP genotyping on the Illumina GoldenGate™ platform. The 3072 SNPs genotyped are spaced approximately every 750 kilobases (Kb) along the 20 autosomes and every 1.9 megabases (Mb) on the X chromosome. No markers were located on the Y chromosome due to the lack of a rhesus Y reference sequence. The locations and properties of these SNPs are described by Satkoski Trask et al. [2011] and validation methods are described in Malhi et al. [2007] and Satkoski et al. [2008b] . The genotypes were edited to include only markers that were polymorphic in at least one of the three samples (Chinese rhesus macaques, Vietnamese cynomolgus macaques or Indonesian cynomolgus macaques), resulting in a total of 2808 genotypes for each individual.
To confirm the provenience of the parental populations, we used the SNP genotypes for each population as input for the software ADMIXTURE 1.22 in cross-validation mode [Alexander et al. 2009 ] assuming from 1 to 10 populations. To create the input file for ADMIXTURE, the Indonesian cynomolgus macaque and Chinese rhesus macaque samples were edited to remove any SNPs that were monomorphic in one or both parental populations or had a minor allele frequency of less than 0.01. When the resulting edited data sets were merged, 1747 genotypes remained. The trimmed parental genotypes were then analyzed along with the corresponding genotypes in the Vietnamese cynomolgus macaque sample.
All subsequent analyses were run on the full 2808 SNP data set. Minor allele frequencies (MAF) and observed heterozygosities were calculated with PLINK 1.07 [Purcell et al. 2007 , http://pngu.mgh.harvard.edu/purcell/plink/].Comparisons of MAF and observed heterozygosity were performed with R version 2.13.1 [Team 2011] . A Bartlett test of homogeneity of variance [Snedecor and Cochran 1989] was used to compare sample variance of MAF and observed heterozygosity between pairs of the three samples. Two paired t-tests, one assuming unequal variance and one assuming equal variance [Archie 1985 ], were used to compare MAF and observed heterozygosities between samples. Hybrid index [Buerkle 2005 ] and interspecific heterozygosity were calculated with the INTROGRESS package for R [Gompert and Buerkle 2010] . The former is an estimate of the proportion of the individual's genome inherited from each of the two presumed parental species (Chinese rhesus and Indonesian cynomolgus macaques), calculated via a maximum likelihood method. The latter is the proportion of an individual's genotypes comprised of heterozygotes representing one allele from each parental population. In addition to hybrid index and interspecific heterozygosity, INTROGRESS uses the genomic clines method to estimate the change in marker genotype frequencies across the entire genome. The INTROGRESS algorithm performs permutations to generate a neutral expectation of genotype frequency for statistical significance testing based on a null model of introgression. For this analysis, SNP alleles were designated as co-dominant. INTROGRESS outputs a p value based on the log likelihood ratio test statistic for each marker. The markers that significantly exceed neutral expectation are likely to be linked to genes contributing to reproductive isolation or hybrid vigor. To account for multiple testing we used the Bonferroni correction and considered SNPs significantly introgressed only when p< 0.05/2808=1.8 × 10 -5 . The identities of the chromosome and nucleotide position of each such SNP were used to generate a custom track for the UCSC genome browser. To detect these SNPs with the greatest potential impact on phenotype, we used the UCSC table browser and the rheMac2 build of the rhesus macaque genome in combination with the GALAXY web tool [Blankenberg et al. 2010; Fujita et al. 2010; Goecks et al. 2010 ] to identify those located within rhesus EST or ENSEMBL genes.
These genes were used as search terms in the Gene Ontology Website (AmiGO, http:// www.geneontology.org) to identify the ontology search term associated with each identified gene or EST. Because term associations are not available for the rhesus or cynomolgus macaque, human reference data and term associations were used as an alternative. All term associations were counted with the GO Classification Counter Tool [Hu et al. 2008] and divided into the three main GO classes.
Results
When ADMIXTURE was run assuming a K value of two, all Indonesian cynomolgus macaques and Chinese rhesus macaques produced Q estimates for their respective groups that equaled or exceeded 0.99. Although K=2 did not necessarily produce the absolute lowest cross validation error or log-likelihood, the analysis did not reach the recommended termination criterion of less than 10 -4 increase in log-likelihood between iterations even at K=10, an improbably high value.
The sample variances of observed heterozygosity of the Vietnamese and Indonesian cynomolgous macaques were equal and both differed significantly from that of the Chinese rhesus macaque sample. Both paired t-tests (with the assumptions of equal and unequal variance) for the comparison of observed heterozygosities between the Chinese rhesus macaque and Vietnamese cynomolgus macaque samples and between the Vietnamese and Indonesian cynomolgus macaque samples were statistically significant at, or below, the 2.2×10 -15 level of probability, with the observed heterozygosity in Vietnamese cynomolgus macaques being statistically significantly smaller than that of Chinese rhesus macaques and statistically significantly greater than that of Indonesian cynomolgus macaques.
MAF values are compared between each pair of samples in Figure 2 . The variance in MAF for Vietnamese cynomolgus macaques was statistically significantly different from those of both the Chinese rhesus macaques and the Indonesian cynomolgus macaques. The MAF for Chinese rhesus macaques was statistically significantly higher than that for Vietnamese cynomolgus macaques, which in turn, was statistically significantly higher than those for Indonesian cynomolgus macaques (in both comparisons, p <2.2×10 -16 ). The linear relationship between MAF and observed heterozygosity in the three populations was calculated with a second-order polynomial and is shown with a solid line in Figure 3 , while the relationship between MAF and expected heterozygosity is illustrated with a dashed line.
Individual hybrid index and interspecific heterozygosity for the Vietnamese cynomolgus macaques are shown in Figure 4 . While the majority of the 19 individuals exhibited a hybrid index between 0.60 and 1 (approximately 60-100% of the genome inherited from cynomolgus macaques), three individuals had a hybrid index between 0 and 0.25 (0-25% of the genome inherited from cynomolgus macaques). These three values suggest that rather than being first generation hybrids; these three sampled Vietnamese cynomolgus macaques are the product of several generations of interspecific breeding involving backcrossing of first generation inter-specific hybrids to rhesus macaques. This result is supported by the results of the ADMIXTURE analysis; when degree of admixture in the Vietnamese cynomolgus macaque population was estimated using 1747 markers, the correspondence between Q value and hybrid index was very high, producing an R-squared value of 0.97, as shown in Figure 5 .
Equivalent genetic contribution from both parental populations should produce hybrids with a greater interspecific heterozygosity than either parent population [Gompert and Buerkle 2010] . In this case, the three Vietnamese cynomolgus macaques more genetically similar to Chinese rhesus macaques have the largest interspecific heterozygosity, with the values declining as the hybrid index increases. This result is concordant with the estimates of MAF and observed heterozygosity, both of which indicate that the genetic variation in both Indonesian and Indochinese cynomolgus macaques is a subset of the alleles found in Chinese rhesus macaques.
Of the 2808 markers tested, 216 (8%) showed a statistically significant difference in genotype frequencies between the two parent populations (Chinese rhesus and Indonesian cynomolgus macaques) and Vietnamese cynomolgus macaques, relative to the null expectation, suggesting they are overrepresented in the Vietnamese cynomolgus macaques relative to the Indonesian conspecifics. These markers were located on all 20 autosomes and the X chromosome. Figure 6 shows the number of statistically significantly different SNPs per Mb of chromosome length (p< 1.8 × 10 -5 ), which was normally distributed (ShapiroWilk normality test, P=0.8684). As illustrated in Figure 6 , no chromosome exceeded the upper 95% CI, but chromosome 8 fell below the lower CI, indicating that markers are underrepresented on this chromosome.
The 216 statistically significant markers were used to create a custom SNP track, and through the Galaxy interface, this track was loaded into the UCSC Main Table Browser. The custom track was compared with the following tracks to calculate intersection: rhesus macaque EST (1 intersection), rhesus macaque mRNA (0 intersections), rhesus macaque RefSeq genes (0 intersections) and rhesus macaque ENSEMBL genes (3 intersections). Ten intersections with mRNA from organisms other than rhesus macaques were observed, but few of these mRNAs have been associated with known genes, making their identification of limited use. Both the rhesus macaque EST and ENSEMBL tracks identified intersection with the ELAVL1 gene [(embryonic lethal, abnormal vision, Drosophila)-like 1] on rhesus chromosome 19, while the ENSEMBL track identified intersection with the genes PIK3CG (phosphoinositide-3-kinase, catalytic, gamma polypeptide) on rhesus macaque chromosome 3 and GPR78 (G protein-coupled receptor 78) on rhesus macaque chromosome 5.
Because the Gene Ontology website does not contain functional information for the rhesus macaque, human associations were used instead. The AmiGO tool on the Gene Ontology website identifies all the known functional roles of each gene (called term associations) and classifies the child terms into three broader categories: "biological processes", or multi-step molecular interactions, "cellular components", or a product that forms part of a larger object within the cell, and "molecular function", or catalytic or binding activities that occur at the molecular level. AmiGO identified 13 term associations for ELAVL1, 15 term associations for PIK3CG and 6 term associations for GPR78. The distribution of term associations across the three AmiGO functional categories is shown in Table 1 . When the term associations were considered individually, GPR78 did not share any associations with either of the other genes. However, PIK3CG and ELAVL1 shared two term associations: presence in the cytosol (GO: 0005829) and nucleotide binding (GO: 0000166).
Discussion
The polymorphisms used in this study were discovered through the sequencing of rhesus macaques, and not through the sequencing of cynomolgus macaques [Malhi et al. 2007; Satkoski et al. 2008b] , and as such, the issue of ascertainment bias must be addressed. Although cynomolgus macaques were not sequenced, successful SNP genotyping requires an exact match between the target sequence and the genotyping probe -differences in DNA sequence between the target animal and the probe will produce a null result and signals resulting from duplication of the SNP site will not meet quality screening criteria [Kanthaswamy et al. 2012] . Thus, identity of the SNP position as well as the immediately surrounding nucleotides, although not tested explicitly, is very likely to be extremely similar, if not exactly the same.
Although ascertainment bias produced by genotyping genetic markers discovered in one species to another closely related species can influence population-based studies, the allele frequency differences between rhesus and cynomolgus macaques not only meets the assumptions of the INTROGRESS software, but is actually advantageous. This is because the INTROGRESS package uses alleles specific to parental populations in combination with differences in the frequency of shared alleles to calculate the likelihood of relative ancestry in hybrid individuals [Gompert and Buerkle 2010] . The greater the number of populationspecific alleles and the greater the allele frequency difference between the parental populations, the greater the accuracy with which hybrid origin and introgression can be assessed. The only disadvantage is that because these markers were discovered in rhesus macaques, private alleles are represented only in the Chinese rhesus population -there are no alleles private to Indonesian cynomolgus macaques [Kanthaswamy et al. 2010] . Thus, we can only assess unidirectional introgression, that is, from rhesus macaques to cynomolgus macaques. To identify introgression in the other direction with this method would require a comparable set of polymorphisms private to cynomolgus macaques. This necessitates additional sequencing in regional populations of cynomolgus macaques, an effort that is currently underway [Satkoski Trask et al., in prep.] .
These results support previous research suggesting that interbreeding between rhesus and cynomolgus macaques in the Indochinese zone of sympatry has led to substantial gene flow between the two species. If a polymorphism is found in both rhesus macaques and all or most populations of cynomolgus macaques, it is likely that the mutation occurred in the common ancestor of both and predates the divergence of the two species. However, if a polymorphism is found in Indochinese cynomolgus macaques and Chinese rhesus macaques to the exclusion of other cynomolgus macaque populations, the most likely hypothesis is that the allele moved across the species boundary. Although some of these shared polymorphisms are undoubtedly the result of convergent evolution and homoplasy occurring post-speciation, the probability of homoplasy is very low and probably accounts for only a small number of the shared SNPs.
The common ancestor of the fascicularis species group (containing M. cyclopis and M. fuscata along with M. mulatta and M. fascicularis) may have been present in South East Asia as early as 2.5 million years ago [Delson 1980; Fooden 1976] , with the divergence of rhesus macaques from a fascicularis-like ancestor on the Asian mainland occurring about 1 mya [Morales and Melnick 1998; Tosi et al. 2003 ]. The distributions of mitochondrial and Y-chromosome markers in cynomolgus and rhesus macaques support contemporary introgression [Tosi et al. 2002; Tosi et al. 2003 ]. Given the widely accepted Indonesian origin and northward dispersal route hypothesized by Delson [1980] and Fooden [2006] , in the absence of introgression, the Indonesian sample, being of greater antiquity, should be more variable than the Vietnamese sample. As illustrated in Figures 1 and 2 , this is not the case, suggesting that introgressive hybridization has occurred in the Vietnamese cynomolgus macaques. Although an Indonesian origin for cynomolgus macaques is supported by the bulk of morphological and genetic data [Fooden 1997; Tosi et al. 2002] , Melnick and Kidd [1985] suggested that greater genetic similarity between Chinese rhesus macaques and cynomolgus macaques in Thailand results from the divergence of rhesus and cynomolgus macaques within Thailand during a glacial maximum, followed by dispersal of cynomolgus macaques to the south. Under this alternative hypothesis, allele sharing between Chinese rhesus macaques and Indochinese, but not Indonesian, cynomolgus macaques would reflect shared derived traits rather than introgression, and the greater variability of Indochinese cynomolgus macaques would be due to clinal variation, rather than hybridization alone.
While Vietnamese cynomolgus macaques are not as variable or heterozygous as Chinese rhesus macaques, they have both significantly higher MAF and observed heterozygosity than Indonesian cynomolgus macaques; the southward gene flow appears to have differentiated the Vietnamese cynomolgus macaques from their Indonesian conspecifics. The greater frequency of minor alleles suggests that alleles that are rare or absent in the Indonesian sample are being supplemented in the Indochinese cynomolgus macaque population through interbreeding with rhesus macaques, a source of alleles not available to other, insular cynomolgus macaque populations. In the Chinese rhesus macaque sample, MAF is strongly predictive of observed heterozygosity (R 2 =0.95), compared to the sample of Indonesian cynomolgus macaques (R 2 =0.76). However, this relationship between MAF and observed heterozygosity has decayed even further in Vietnamese cynomolgus macaques, largely due to markers of high MAF but low heterozygosity.
The sample of Vietnamese cynomolgus macaques has a much higher average minor allele frequency than their Indonesian conspecifics, but lower than expected heterozygosity (Figure 3) . This departure suggests a force of evolution at work, possibly selection against heterozygote genotypes. The common expectation for cases of low heterozygote fitness is the maintenance of the novel allele at a low frequency and its eventual extinction [Barton and Pialek 1997] . This is clearly not the case in the Vietnamese cynomolgus macaques. As shown in the lower half of Figure 4 , the majority of Vietnamese cynomolgus macaques have hybrid index values of 70% or greater, with interspecific heterozygosity ranging from 5-20%. The high hybrid index values combined with the low interspecific heterozygosity suggest that these individuals are actually the product of at least one generation of backcrossing -the mating of hybrid individuals with a parent population, in this case, cynomolgus macaques. Were backcrossing (rather than hybrid x hybrid mating) the norm, alleles of rhesus macaque origin would be embedded in a largely cynomolgus macaque genomic background. The fitness conferred by a particular introgressed allele is not limited to the effect produced by the genotype, but is also dependent on the action of the allele in a recombinant genomic background [Barton 2001 ]. It could be hypothesized that neither homozygote genotype is subject to negative selection in these backcrossed individuals, but that the fitness of heterozygotes condition is diminished.
While cynomolgus macaques in Indochina are generally more genetically variable than insular cynomolgus macaques, these statistics describe the entire Vietnamese cynomolgus macaque sample; when individuals are considered, the proportion of probable rhesus ancestry varies considerably, with the INTROGRESS analysis estimating that the majority of the sampled Vietnamese cynomolgus macaques have between 0 and 25% rhesus ancestry. However, the presence of a few individuals with a large proportion of rhesus ancestry and the lack of 50% hybrids in the sample suggest that 1) hybrids are fertile and present in the breeding populations of both species, 2) the majority of hybrid individuals are the result of several interspecies recombination events and 3) hybridization is not a recent phenomenon. Fooden [1964] suggested that the proportion of the rhesus macaque genome transferred to Indochinese cynomolgus macaques may vary geographically, with cynomolgus macaques in the north carrying more rhesus macaque alleles than animals closer to peninsular Malaysia. More detailed genetic sampling within the Indochinese ranges of cynomolgus and rhesus macaques would be required to test this hypothesis, with Indochinese rhesus macaques providing a more accurate model for the parent population of hybrids than the Chinese rhesus used in this study. Finally, although the reduced interspecific heterozygosity of the more cynomolgus-like individuals would seem to support unidirectional, rhesus to cynomolgus, interbreeding, the lack of alleles specific to cynomolgus macaques in the present analysis prevents the rigorous testing of this hypothesis.
Of the 2808 markers included in the INTROGRESS analysis, only 216, or approximately 8%, were statistically significantly over-represented in Vietnamese cynomolgus macaques relative to their Indonesian conspecifics. In addition, rhesus macaque alleles from markers located on chromosome 8 are significantly under-represented in the cynomolgus macaque genome. Functional interpretation of the genes located on rhesus chromosome 8 is generally lacking, making this result difficult to interpret at the present time. One hypothesis for the conserved nature of the chromosome is presented by Burrows et al. [2010] who identified a sequence orthologous to the human DUB/USP17 subfamily of enzymes near a copy-number variant beta-defensin gene on chromosome 8 in rhesus macaques. The authors state that while the copy number is highly unstable, the individual genes are conserved at a sequence level, probably to preserve the important functions of both genes in the primary immune system. This conservation is one potential explanation for why Vietnamese cynomolgus macaques have resisted introgression on chromosome 8, relative to other chromosomes.
When the AmiGo functional categories of the three genes were considered, ELAVL1 and PIK3CG were similar in that they were approximately equally divided between "biological process" and "molecular function". They also had cytosol and nucleotide binding activity in common. Both genes code for products that appear to be generally active in immune function. ELAVL1 is especially nonspecific in its action, with approximately 15% of the human transcriptome targeted, including (but not limited to) proteins for cell apoptosis and immune response [Uren et al. 2011] . The nucleotide binding functionality of the PIK3CG protein operates within the TLR signaling pathway [Pennings et al. 2008] , which regulates the primary immune response [Alderem and Ulevitch 2000] . While most GPR78 AmiGo term associations were classified as "molecular function", this gene product is also generally active in immune response, including protecting cells from damage and apoptosis [Ramsay et al. 2005] .
While a greater density of SNPs could potentially identify more significantly overrepresented alleles, the three genes detected by this analysis all have roles in the immune system. This shared property supports the hypothesis that the incorporation of gene variants from Chinese rhesus macaques into Indochinese populations of cynomolgus macaques has caused immune differentiation and potentially allowed rapid adaptation to pathogens not encountered by insular cynomolgus macaque populations. Wheatley [1980] suggested that the malarial plasmodium P. knowlesi, which is fatal to rhesus macaques but not to cynomolgus macaques, shapes the ranges of the two species, but adaptation of resistance to P. knowlesi would favor the introgression of cynomolgus genes into rhesus macaques, an hypothesis whose test would require use of SNPs identified in cynomolgus macaques rather the rhesus macaque SNPs employed in the present study. Nevertheless, the three Vietnamese cynomolgus macaques that exhibited 0-25% cynomolgus macaque ancestry suggest the possibility of bidirectional introgression. Moreover, malaria is not the only pathogen to which cynomolgus and rhesus macaques display differential susceptibility. For example, both species also exhibit differential susceptibility to Mycobacterium tuberculosis and Simian Immunodeficiency Virus. The identification of additional shared alleles that reflect adaptations to these and other infectious pathogens and a further investigation of the genes identified in this study will elucidate the immune differences between regional populations of rhesus and cynomolgus macaques.
Phenotypic and genetic evidence for hybridization has been observed in the 2000 km boundary between the ranges of rhesus and cynomolgus macaques. MHC class II alleles shared between rhesus macaques and Indochinese cynomolgus macaques support the hypothesis that not only are genes being transferred across the species boundary, but that the specific genes being transferred could produce a unique immunological phenotype in Indochinese cynomolgus macaques. Interbreeding between rhesus macaques and cynomolgus macaques in the Indochinese zone of sympatry has produced a population that appears to be genetically intermediate between, but significantly differentiated from, both parent populations, and highly variable in individual hybridity. These results bring into question the general suitability of Indochinese cynomolgus macaques as a biomedical model.
Our study found that the MAF and observed heterozygosity for 2808 SNP markers calculated from a sample of Vietnamese cynomolgus macaques was not only significantly different from the values calculated from a sample of Chinese rhesus macaque but also from Indonesian cynomolgus macaques. The program INTROGRESS identified 216 SNPs at which alleles from rhesus macaques were significantly over-represented in the Vietnamese cynomolgus sample compared to the Indonesian cynomolgus sample. Three of these markers were located within genes: ELAVL1, PIK3CG and GPR78. Although each of the genes' products plays multiple roles in the cell, each influences immune function. These results demonstrate that even when the scope of genomic inquiry is expanded beyond the MHC, the genes crossing the cynomolgus/rhesus species boundary is still primarily related to immune function. This supports the hypothesis that introgression represents a source of genetic variation in the immune system that provides Indochinese cynomolgus macaques with resistance to an as yet unidentified pathogen or group of pathogens. Given that the majority of cynomolgus macaques imported for biomedical research are either collected in or near the zone of sympatry or are exported from China with unknown (but probably predominantly Indochinese) geographic origin, the possibility that they represent a distinct, extremely variable genetic entity has important implications for their use as subjects in research protocols. Minor allele frequencies of 2808 SNP markers in three macaque populations. This scatterplot illustrates the relationship between minor allele frequency and observed heterozygosity in the three regional macaque samples. In each, the dashed line represents the relationship between minor allele frequency and expected heterozygosity, while the solid line is fit to the second-order polynomial relationship between MAF and H O . The upper half of the figure shows the interspecific heterozygosity (proportion of the individual's genome containing genotypes composed of alleles inherited from both parental populations) of the Vietnamese cynomolgus macaque samples relative to the hybrid index (the genetic similarity of the individual to either of the parental populations). The line represents the theoretical maximum value of interspecific heterozygosity for each value of hybrid index. Individuals falling along this line are likely to be F1 or backcross progeny [Gompert and Buerkle 2010] . The lower half of the figure is a histogram illustrating the number of individuals with particular hybrid index values. Number of statistically significantly introgressed (p< 1.8 × 10 -5 ) rhesus macaque alleles. Upper and lower 95% CI boundaries are marked with dashed lines, while the solid line is the mean across all chromosomes.
